In order to resolve the well-known defects in classical or semi-classical approaches, we solve a two-state Landau-Zener problem fully quantum-mechanically with a localized radial coupling. An analytic expression of the T-matrix is derived by using distorted-wave Born approximation (DWBA). The convergence of the expansion formula is shown to be rapid enough for a reasonable range of the coilpling. The transition probabilities calculated with the formula are shown to well agree with those calculated by the coupled-channels method even for the strength of the coupling, which is five times as strong as that extracted from the two-center shell model. Therefore, the analytic DWBA formula is extremely useful for discussion of the Landau·Zener transition in nuclear heavy-ion collisions. Qualitative features of the resonancelike behaviour are discussed for three different forms of the coupling. For light systems such as 12C+170, the resonancelike structures are shown to survive in the excitation function even for a realistic finite range coupling, though the calculated cross sections are much reduced in comparison with those for a constant coupling in semi-classical calculations. For heavier systems such as 40Ca + 57 Ni, however, no resonancelike structure can survive because of the broad width resulting from the strong Coulomb potential. § 1. Introduction Landau-Zener non-adiabatic transition was conjectured to play an important role in low energy heavy-ion collisions based on the energy diagrams obtained by the· two-center shell model.
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There have been several attempts to find definite evidence of the Landau-Zener transition in nuclear heavy-ion reactions such as fusion reactions 2 ), 3) and inelastic scattering.
),5)
Abe and Park 6 ) suggested a possibility that the Landau-Zener transition gives rise to characteristic resonancelike enhancements in light heavy-ion collisions, Le., they predicted a sequence of resonances, each peak of which corresponds to a different I-wave, to appear by using a classical approach with the original Landau-Zener formula 7 ) for transition probabilities_ In Ref. 6 ) the formula for the cross section was derived under the following three assumptions: (1) Relative velocity is constant, (2) the coupling between diabatic states is constant, and (3) the classical turning point and the other crossing point are far away from the crossing point under consideration_ As already remarked in Ref. 6) , the turning point is actually close to the crossing point at energies, where the enhancement is expected, because the optimum velocity for the enhancement is very small and hence. the corresponding energy for the relative motion is only slightly above the potential energy at the crossing point. They employed, however, the above-mentioned assumptions in order to propose the possibility of resoilancelike enhancements due to the Landau-Zener transition, and obtained a series of resonancelike enhancements in accordance with the resonant structures observed in the y-ray measurement in 13C+170 and 12C+170 systems_B) Subsequently Milek and Reif 9) also obtained reso-nancelike structures in the excitation function of the inelastic scattering by solving a time-dependent Schrodinger equation based on a Woods-Saxon two-center shell model. They assumed that the relative motion obeys a classical trajectory. They criticized the validity of the oversimplified transition mechanism at a crossing point, because the coupling between adiabatic states they obtained was neither constant nor well localized. Recently Cha and Park 10 ) also calculated the inelastic scattering excitation functions of 13C+170, 12C+170 and 12C+180 systems using a formula, which was derived within the framework of a semi-classical time-dependent perturbation theory. They improved the treatment for the relative motion by using a constant effective force instead of a constant velocity. They still kept, however, the assumption of the constant coupling between two diabatic states. They obtained resonancelike enhancements in the excitation function that have the same order of magnitudes as those of the measured y-ray yields. 8 ) The peculiar resonances discovered by the Strasbourg group in the y-ray measurements for 13C+170 and 12C+170 systems 8 ) stimulated theoretical investi-· gations 6 ),9),10) on the occurrence of the resonances, as described above. The fact that resonances are observed only in the y-ray decay from the first excited state of 17 0 to the ground state, and not in any other reaction channels led Abe and Park to the idea of the Landau-Zener transition mechanism. Two-center shell model calculations predict indeed an avoided crossing between two adiabatic states which asymptotically correspond to the elastic and the inelastic channels of 13C+170 system. Freeman and coworkers ll ) observed, however, no resonant structures in the inelastic channel 13C + 17 0 reaction around Ecm~19 MeV by particle measurements, using the kinematic coincidence method. They now speculate that hydrogen contaminants are responsible for some of the resonances observed in the y-ray measurement. They appear to correspond to p+ 17 0 resonance reactions if one takes into account the inverse kinematics .. Of course, a resonancelike enhancement is observed, however, also in particle experiments and the angular distribution is observed to rapidly change when the incident energy crosses over the energy where the enhancement takes place. This phenomenon is difficult to be understood without a Landau-Zener transition mechanism. Further experimental studies should be made. for establishing the trace of a Landau-Zener resonance in nuclear collisions as well as in nl())lecular, mesic atomatom collisions.
Although definite experimental evidence is not yet available, it is desirable to make theoretical predictions more reliable for the new resonance mechanism. Neither the turning point problem nor the approximation of the constant coupling has been simultaneously resolved in the classical approaches. In order to remove these defects, we treat the problem fully quantummechanically by assuming a realistically localized radial coupling between· two diabatic states. Using the distorted-wave Born approximation, we derive analytic expressions for the T-matrix for various forms of the couplihg." A surprising result is that, if the same parameters as Cha and Park are used except for the gaussian coupling of a reasonable range instead of the constant coupling, the resonancelike enhancement calculated using the analytic DWBA formula is only about 10% of that calculated in the semi-classical method. 12 ) For simplicity, we develop a quantum-mechanical perturbation theory using the analytic distorted-wave for two states. It is described in § 2. We present a detailed derivation as well as the proof of the analytic formula for the transition probabilities, which was already used in Ref. 12) . It is interesting to note that, in the case of a constant coupling, the transition probability based on the quantum-mechanical approach exactly agrees with that derived in the semi-classical time-dependent approach in the first-order perturbation theory, while the equivalence is not valid for a finite-range coupling. In § 3, the convergence of the analytic DWBA formula for the T-matrix is examined for a gaussian coupling. Furthermore we formulate a quantum-mechanical coupled-channel approach for the two-state problem considered here. The comparison of the analytic DWBA results with those of the coupledchannels calculations shows that the analytic DWBA formula is extremely useful to investigate the resonancelike enhancement due to the Landau-Zener transition in nuclear heavy-ion collisions. QualItative arguments are made on the persistency of the new type of resonance using the analytic formula derived in § 2. Applications are made to 40C a + 57 Ni and 12C+170 systems, where pseudo crossings of adiabatic states near the Fermi level were predicted to occur near the surface region. 9 ), 13) Also, the radial coupling between adiabatic states is known to be strong and sharp for these systems on the basis of the two-center shell model. A summary is given in § 4. § 2. Quantum-mechanical treatment of two-state problem with finite-range coupling
In this section, we first consider a two-state model under the assumptions that two . diabatic potentials are linear functions of the separation distance and cross with each other and that the coupling is finite and weak, so "that it is suitable for discussion of a Landau-Zener transition. Using the distorted-wave Born approximation, we quantum-mechanically derive analytic expressions of the T -matrix for several forms of the coupling Hamiltonian. In this way, we can get rid of the serious turning point problem in classical approa~hes and also can take into account the finite-range effect of the cotipling. In the case of a constant coupling (infinite-range coupling), it is shown that the formula of transition probabilities obtained by the quantummechanical approach exactly agrees with that by a semi-classical time-dependent approach. Finally we derive a useful analytic-formula for the transition probabilities in the case of a gaussian coupling, which is appropriate to discuss the possibility of resonances due to the Landau-Zener transition in actual nuclear heavy-ion collisions.
Analytical distorted-wave Born approximation
We consider a two-state problem which is given by the following coupled equations:
Here, vi(i=l, 2) are effective diabatic-potentials which are composed of the Coulomb, the nuclear and the centrifugal potentials, and the diabatic energy of a loosely bound nucleon. The relative distance r is transformed to x= r-rc, where rc is the crossing point of the two potentials and the energy is measured from the intersection between VI and Vz.
We assume that the potentials Vi are linearly dependent on x=r-rc as follows:
Here, F;(i=l, 2) stand for the negative tangents of vi(i=l, 2) at the crossing point. Accordingly, they are composed of the negative tangents of the nucleus-nucleus potentials and of the diabatic energy of a loosely bound nucleon Ii (i = 1, 2).
Now we can easily obtain the solutions for the unperturbed Schr6dinger equations, which are usually called the distorted waves. The distorted waves for the two diabatic channels are given by (5) where (6) and Ai is the Airy function.14) The form and the normalization of <PiO(X) are determined by the boundary conditions at X-4 ±oo.
Using the distorted-wave Born approximation (DWBA), the T-matrix is known to be given byl5) (7) where (8) Here, TJi stands for the phase shift due to the diagonal potential Vi. By using the integra:l representation of the Airy function,14) TIz is therefore proportionai to the integral
In the following subsections, it is shown that the integral I can be analytically calculated for several simple coupling form factors.
The relation to the semi-classical time-dependent treatment
In this subsection, we clarify the correspondence between the semi -classical time-dependent and the quantum-mechanical approaches for a simple case, where the coupling is constant. We review the essential points of the derivation of the formulae forthe transition probabilities by using two different treatments/ 5 ), 16) and compare the formulae derived by these two methods.
First we briefly outline the derivation using a semi-classical time-dependent treatment.
10 ),16) By expanding the total wave function in terms of two diabatic bases and then by inserting this expansion into the time-dependent Schrodinger equation, one obtains the following coupled equations for the expansion coefficients Ci(t): (10) where (11) Under the initial conditions
Eqs. (10) can be solved using the first-order perturbation theory for a constant coupling by assuming classical trajectories, which are obtained for constant effective forces. The transition amplitude C2(t ~ 00) is given by
where (14) Next we derive the transition amplitude by using the quantum-mechanical treatment of Child.
)
For a constant coupling, the triple integration in Eq. (9) can be reduced to a single integration by using the relation one can therefore easily derive the formula for the T -matrix as follows:
Equations (13) and (15) show that the formula obtained by the semi-classical timedependent approach agrees with that by the quantum-mechanical one except for the phase factor -i in the special case of the constant coupling. This equivalence has been already proved by Bykhovskii and co-workers.l7)
In the case of the constant coupling, the transition probability for each partial wave I is given by (16) where Ec is the potential energy at the crossing point. This formula was used to evaluate the transition probabilities for the inelastic scattering 170(12C, 12C)170* (0.871 MeV, 1/2+) by Cha and Park. 10 )
Finite-range coupling cases
In this subsection, we investigate two cases of a finite-range coupling, one of which is the exponential coupling, and the other the gaussian coupling. For the exponential coupling V12(X) = vP2exp (-ax), Child derived the following analytic expression for the T -matrix: 15 )
where Cl =1i 2 a 2 F1F2/2fJ.(F1-F 2)2, and co is given by Eq. (14) . Equation (17) shows that the excitation function keeps its pattern and only shifts to higher or lower energy side by Cl depending on the sign of the factor FIF2 compared to the case of a constant coupling considered "in the previous subsection. A remarkable thing is that the finite-range coupling amplifies or reduces the magnitude of the T -matrix through the exponential factor exp[1i 2 a Ai(n)(x) denotes the n-th derivative of the Airy function. As easily seen from the above equation, only the first term remains in the long-range limit a~ 0, which corresponds to the constant-coupling case. Numerical calculations show that the convergence of the series expansion becomes rapidly poor with increasing energy even for the case of a very long-ranged coupling, for example, a=O.01, which corresponds to the coupling range 10 fm. We, therefore, do not adopt this expansion method.
The second method is that the integration over x is first carried out. The expansion in terms of a-I is then performed in the integral I. This method is applicable to the cas~ of a short-range coupling. In fact, the realistic range of the coupling Hamiltonian estimated from the two-center shell model calculation is about 0.5 fm, i.e., a=4 fm-2. Accordingly, it is reasonable to evaluate the integral by the second method. Integrating over x, and then transforming the variables (u, v) to new variables (y, z) 
The T -matrix can be easily calculated by using the above expansion formula because it can be written in terms of the Airy function and its first derivative alone by using the relation
zAi(z) .
It is easily shown that the use of 0 function coupling is equivalent to the replacing VP2 by j a/7r vPzin the limit a-H)O. 'Thus Eq. (31) includes the 0 coupling case as the limit a ...... OO , while it does not include the long-range limit, i.e., the constant coupling. The transition probability can be written as
For example, the angle-integrated cross section for the inelastic scattering 170(12C, 12C)170*(0.871 MeV, 1/2+) is given by the expression First, we investigate the convergence of the expansion formula (31) for the T-matrix. Second, the validity of the analytic DWBA formula is examined by comparing with the results of coupled-channel approach. Third, we discuss the persistency of resonancelike enhancements due to the Landau-Zener transition proposed by Abe and Park.
)
Fourth, we apply Eq. (32) to calculating the inelastic scattering excitation functions of 40C a + 57 Ni as well as 12C+170 systems, because 40Ca + 57 Ni system was recently predicted to be a promising candidate for the LandauZener transition effect from the two-center shell model diagrams. 13 ) In 
Here, the 'Coulomb potential is given by
where
U=1,2)
The values of the parameters of the optical potential are ro=1.34 fm, Vo=9.7 MeV and Vi =0.4. In addition, the parameters of the crossing distance re, the interaction strength VY2 and the negative slopes Ii of the single particle energy levels are also necessary to calculate the cross section, the values of which are also adopted from the work of Cha and Park. 10 ) For the 12C+ 17 0 system, re=7.74 fm, vY2=0.11 MeV, 11=0.92 MeV/fm , 12=-0.32 MeV/fm.
The convergence of the T-matrix formula lor a gaussian coupling
In the previous section, the expansion formula of the T -matrix (31) was shown to be useful for a short-range gaussian coupling. In this subsection, numerical check for the convergence of the formula is performed, and the usefulness of the formula is shown.
Let us take an l=9 wave as an example. Numerical calculations show that the convergence of the series in Eq. (31) MeV. We did not take into account the effect of the core-core potential in order to compare the results with the calculation done by Cha and Park 10 ) who did not include this effect. As can be seen from Figs. 1 (a)~(c) , the sums n::;;S, n::;;4 and n::;; 3 are almost sufficient for the cases a =0.25, 1 and 4 fm-2 , respectively, for the whole energies considered here, though the convergence becomes gradually worse as the energy increases. Therefore, we terminate the sum over n at 10, 6 and 4 for the cases a=0.25, 1 and 4 fm- 2 , respectively. We note that the n=O term dominates the expansion formula (31) in the energy region around the first peak. This property is used in § 3.3 for qualitative arguments on the new type of resonance due to the Landau-Zener transition.
Comparison of the analytic DVVBA with coupled-channel results
For simplicity, our calculation is restricted to the case where both slope parameters Fl and F2 are positive. In order to show that the analytic DWBA formula for the transition probabilities is valid in nuclear heavy-ion collisions, we compare the results of the analytic DWBA with those of the coupledchannels calculations for the [=14 wave in 12C+ 17 0 system, the method of which is described in Appendix B. Figure 2 (a) shows the energy dependence of the transition probability for a=4.0 fm-2 and VP2=0.1l MeV which are estimated from the two-center shell model calculations. 10 ) The curve showing the analytic DWBA result cannot be distinguished from that by the coupled-channels method within the thickness of the line over all energies considered here. Figure 2 (b) also shows the same physical quantity as that in Fig.  2(a) for the same range parameter but with the coupling strength vP2=0.55 MeV being five times stronger. Even in this case, the result of the analytic DWBA is in good agreement with that of the coupled~channels calculations. The error in the first peak value is only 7%. From these ·results, it is concluded that the analytic DWBA ... .. formula is a very good approximation and useful for discussion of the Landau-Zener transition in nuclear two-center shell model.
Persistency of resonance like behaviour
Several years ago, Abe and Park
6
) proposed a new type of resonance due to Landau-Zener non-adiabatic transition based on the classical treatment using the original Landau-Zener formula for the transition probability with G where '::1 and '::2 denote the energies corresponding to the two diabatic states. Its essential features can be simply understood by the expressions for resonance energies Er s and widths r,6) the former of which is given by
and the latter is given by
The resonancelike structure observed for the r rays from. the 0.871 MeV state of 17 0 excited in the 13C+170 reaction had been considered to be the evidence for the Landau-Zener effect for a while, but is now inferred to be due to a hydrogen contamination by experimental study,l1) though rapid changes in angular distributions and enhancements in angle integrated cross sections are yet to be studied as stated in the Introduction. It is still interesting from a theoretical point of view to investigate whether the resonancelike behaviour in the inelastic scattering excitation function could persist or not in a quantum-mechanical calculation for the case of a finite-range coupling. In the constant coupling case, Cha and Park 10 ) have shown that, although there exist rapid oscillations in the excitation function (not a single peak for each partial wave), the resonancelike behaviour persists, as can be seen from Fig. 3(a) . In this case, the energy of the first peak which is a main resonance peak for the partial wave is easily obtained by the condition
JPz(Ecm)/JEcm=O at Ecm=Ers.

The result is (38)
The width of the first peak is roughly estimated to be the energy difference between Er s and the energy Eo of the first zero point of the oscillation .where P1(Eo) =0, (39) Now let us investigate the case of finite-range couplings. For the exponential . coupling, as already discussed in § 2.3, the pattern of resonancelike behaviour is the same as in the case of constant coupling except for a shift to higher or lower energy depending on the sign of the product F1F2. Therefore Er s can be easily estimated as (40) The width r is the same as in the constant coupling case.
For the gaussian coupling, the quantum-mechanical calculation using the expression (32) shows that the resonancelike behaviour persists in all the cases considered 
2fJ. 
The application to 12C+170 system
Cha and Park 10 ) calculated the excitation of the inelastic scattering 17 0 (12C, 12C) 17 0* (0.871 MeV, 1/2+) due to the Landau-Zener transition by using the formula (16) for the case of a constant coupling. Accordingly, their calculations overestimate the cross section. In the following we make more realistic calculations by using the qUqntum-mechanical formula (32), which takes into account not only the effect of finite-range of the coupling and the effect of a turning point, but also the effect of the core-core potential which Cha and Park 10 ) left out. Figures 3 (a)~(d) show the transition probability for 1=9 in the cases a=O, 0.25,1 and 4 fm-2 , respectively. The case a=O has been investigated in detail by Chaand Park. 10 ) The case a=4 fm-2 corresponds to the realistic case suggested by the two-center shell model as mentioned in the previous section. Accordingly, it is meaningful to compare the results for four cases with each other. As can be seen from Figs. 3(a)~(d), the first peak values for a=O, 0.25, 1 and 4 fm-2 are ~0.089, ~0.056, ~0.028 and ~0.0089, respectively. The first point to be noted is that the first peak-value for a=4 fm-2 is reduced by a factor of 10 compared with that for a=O fm-2 , namely, for the constant coupling. Hence, the influence of the finite range of the coupling cannot be neglected. The second point is that the first peak survives at least even if the pattern changes due to a finite range of the coupling. There appear many peaks for a=O, and almost the same is true for the case a=0.25 fm-2 , while only the first two peaks are prominent for the cases a=1 and 4 fm-2. Figures 3(a)~(d) indicate that the peak positions do not change much as long as' the first peak is concerned. These facts suggest that the cross-sections calculated by the formula (33) give resonancelike enhancements irrespective of the range-parameter a, though the absolute value of the cross-sections is largely reduced as a increases. The transition probability for I =9 and 11 is shown in Figs. 4(a) and (b) for the realistic case a=4.0 fm-2. The figure shows how the resonancelike pattern of the transition probability changes with the angular momentum I. In Fig. 4(a) the effect of the core-core potentilal is not taken into account, while in Fig. 4(b) it is. In scale factor in the excited channel is closer to zero than that in the ground-state channel for 1 near the grazing angular momentum. For 1:::;;10, both of the energy scale factors are not so close to zero in the whole energy region, but for 1 = 11 the scale factor in the excited channel abruptly approaches zero near the energy region Ec. Accordingly, the abrupt change of pattern occurs at 1=11. Figure 5 shows the excitation function for inelastic scattering. The sum of the angular momentum is taken from 1=0 to 1=25 in the energy region considered here, which is sufficient for the cross section to converge. Roughly speaking, the calculated cross section is seen to be only about 10% of that calculated by Cha and Park. lO ) This exlains that it was very difficlult to find a quantum analogue of the enhancements of the cross section due to the Landau-Zener transition in the excitation function, if the parameters estimated from the energy diagram of the two-center shell model are used and the finite-range effect of the coupling is also taken into account. 20 ) But, if the strength of the coupling is increased by three times or more; then the calculated cross section would become the same order of magnitude as Cha and Park.
)
The elaborate calculations done recently by ThieP3) also showed that the oscillatory structure in the excitation function appears if the radial coupling is made 1.5 times as large as that from the two-center shell model.
The application to 4°Ca+57Ni system
Recently ThieP3) calculated level diagrams with the two-center shell model for heavier scattering systems. He found that the pronounced avoided crossing between 2P3i2 and 1/5/2 (lQI=1/2) levels leads to a strong peak in the corresponding radial coupling. It is then interesting to investigate whether the enhancements due to the Landau-Zener transition are discernible or not in this system. In this subsection, we apply the analytic DWBA formula to the calculation of the inelastic excitation function of 40C a + 57 Ni system. The proximity potential ZI ) was used as the optical potential between 40Ca and 57Ni, because the derivative of the optical potential does not seem to be so sensitive to the choice of it insofar as it globally describes elastic scattering. The parameters extracted from the two-center shell model are taken from the work of Thiel. 13 ) For 40Ca + 57Ni system, rc=10.7 fm, vYz=O.22 MeV, fl=OAO MeV/fm, fz=-O.12MeV/fm. Figure 6 shows the energy dependence of the tran'sition probability for 40C a +57Ni. The first peak due to the Landau-Zener transition is very broad and the energy difference between the peaks corresponding to neighboring I values is smaller than the width of the first peaks. Consequently the excitation function for the transition 2P3/Z ..... l/5/Z would show no structures. This is understood in the following. For heavy systems, the Coulomb potential is so strong that the slope parameters Fl and Fz become large. As is clear from (43), (45) and (42);-(44), the width of the peak becomes very large compared to the energy difference between the neighboring I peaks in this case. We, therefore, cannot expect to observe any resonancelike behaviours for such a heavy system as 40C a +57Ni. § 4. Summary In order to investigate the persistency of the new resonances that were first suggested by Abe and Park 6 ) within a classical approach, we have quantum-mechanically derived an analytic expression of the T-matrix for a two-state problem by assuming a model of linear diabatic potentials coupled by a gaussian interaction potential. The formula is an improved version of that derived by Nikitin,16) and Cha ·and Park. 10 ) For a constant coupling, the obtained transition probability is equivalent to that in the semi-classical approach. The equivalence is, however, not valid for a finite range coupling. Studies based on the formula confirm that the Landau-Zener transition causes resonancelike enhancements even in the case of a finite-range coupling. It was found/ 2 ) however, that the cross sections calculated by the quantum mechanical formula are only about 10% of thQse obtained by Cha and Park 10 ) for the excitation function of the inelastic scattering l70(12C, 12C)170* (0.871 MeV, 1/2+) if we use a gaussian coupling which has vP2=0.11 MeV and a=4 fm-2 estimated from the two-center shell model calculations. The resonancelike enhancements become discernible if the strength of the coupling were increased by about three times as large as that was used here, namely, the value estimated from the two-center shell model calculation. We have studied another system 40Ca + 57 Ni, which is known to have a Landau-Zener crossing with a strong radial coupling. We found that resonance like enhancements are smeared out due to the strong Coulomb potential between two nuclei, which gives large slopes to the diabatic potentials and then leads to a large width. Hence, for heavy systems such as 40Ca + 57 Ni, resonancelike enhancements cannot be expected.
In conclusion, if the parameters extracted from the energy diagram of the twocenter shell model are seriously taken, resonancelike enhancements due to the Landau-Zener transition cannot be discernible. We should, however, be careful in drawing a definite conclusion, because the accuracy of the two-center shell model calculation as the adiabatic energy surfaces is not yet precisely known and the method to determine the strength and range parameters of the coupling from such calculation are not yet well established. More realistic investigations are yet to be made, which take into account effects of potential curves without linear approximation as well as those of the existence of the other chaimels. where (B'8)
Here, for convenience, we suppressed subscripts in the S-matrix.
